Intramuscular fat (IMF) content plays a key role in establishing pork quality. In the present study, differential-display reverse transcription-polymerase chain reaction (DDRT-PCR) was used to identify differentially expressed (DE) genes between longissimus dorsi (LD) muscles with extremely different IMF content. A major DE gene associated with IMF content was identified as splicing factor serine-arginine rich protein (SFRS18) gene, also known as SRrp130. The gene exhibited relatively higher expression levels in LD muscles with higher IMF content. A full-length cDNA sequence of pig SFRS18 gene was obtained by in silico comparative cloning coupled with PCR target sequencing, while the current EST (expressed sequence tag) database supported two transcript variants of the pig gene. Differential expression of the SFRS18 gene was further confirmed using quantitative PCR. The mRNA levels of SFRS18 gene showed significant and positive correlation with IMF content in LD muscle (r = 0.54, P < 0.01). Collectively, these results suggest that the SFRS18 gene is involved in the regulation of IMF deposition in pig and that it may be a useful tool in selecting animals for desired amounts of fatness for high quality pork.
Introduction
The quality of red meats is partially determined by the type and amount of fat contained within the intramuscular fat (IMF) depot (1) , and the IMF depot in red meat animals is one of the body fat depots that is desired. However, in an effort over the years to decrease the overall inefficient use of energy fed to red meat animals, cattle and pig production regimens have surprisingly reduced the IMF depot (1) . Consequently, cattle and pigs must be fed even longer in order to obtain the correct amount of IMF for the quality that consumers prefer, and are willing to purchase (1) . Knowledge gained regarding regulation of adipogenesis or lipid metabolism of the IMF depot will facilitate increasing the characteristics of desired meat quality without the need for increased feeding of production animals.
Splicing factor, serine-arginine rich protein 18 (SFRS18), also known as SRrp130, is a newly identified serine-arginine (SR) protein in human that co-purifies with pinin, which is also a SR-related protein (2) . The SR-rich C-terminal portion of SFRS18 contains two well-conserved, and seven degenerated RRSRSXSX repeats that are the characteristic of proteins of SR family. The C-terminus of SFRS18 also shows similarity to splicing factors belonging to the SR family. The SR domains are necessary for specific protein-protein interactions among SR proteins, which play key roles in the early steps of spliceosome assembly. These interactions aid in the recruitment and stabilization of snRNPs to splice pre-mRNA. In spite of possessing evolutionally conserved functional domains, SR proteins behave differently with each other. It has been shown that preincubation of a labeled pre-mRNA with a specific purified SR protein could result in commitment of the RNA to undergo splicing. For instance, a β-globin pre-mRNA was committed by preincubation with SC35 but not ASF/SF2 or other SR proteins, whereas HIV tat pre-mRNA was committed specifically by ASF/SF2 and not SC35 (3). However, little information is currently available to understand the particular physiological pathway in which SFRS18 might be involved. As such, the hypothesis examined by this study was that SFRS18 expression is positively correlated to the amount of IMF.
Materials and Methods

Samples collection and IMF quantification
The animal experiments and protocols used in this study were approved by the Nanjing Agricultural University Institutional Animal Care and Use Committee. Longissimus dorsi (LD) muscle samples were collected from 90 castrated Sutai pigs. Sutai is a newly developed pig breed which contains 50% Erhualian and 50% Duroc. All animals were raised in the Sutai Breeding Center located in Suzhou, Jiangsu Province. Sutai pigs were slaughtered at approximately 180 d of age. Samples were taken immediately (within 5 to 10 min of death) from the LD muscle at the last rib. A portion of the sample was put immediately into liquid nitrogen and then stored at −80 °C, whereas the remainder was used to determine IMF content. The IMF content was measured in triplicate via the Soxhlet extraction method using petroleum ether as the solvent (4) .
The average IMF content in these 90 castrated Sutai pigs was 2.72 ± 0.13 %. Twelve animals, six with highest IMF and six with lowest IMF were selected as H and L groups. The IMF for L and H groups was 0.98 ± 0.09 % and 5.79 ± 0.35 %, respectively (P < 0.01).
RNA extraction and first strand synthesis
Total RNA was extracted from LD muscle using Trizol (Invitrogen, California, US). RNA pool was established for each group by mixing equal amounts of individual RNA samples. RNA was treated using DNase I (Takara, Dalian, China) before the first-strand cDNA was synthesized. The quality and fidelity were analyzed by agarose gel electrophoresis. Two μg of RNA were reverse-transcribed in a 25 μl reaction mixture at 42 ºC for 60 min with M-MLV reverse transcriptase (Promega, San Luis Obispo, US) using anchor primer: 5′ -AAG CTT TTT TTT TTT (A, G, C)-3′. The product was stored at -20 °C until use.
DDRT-PCR
DDRT-PCR was performed according to Liang and Pardee (5) with minor modifications. Reverse transcription reaction products (2 μl) were amplified (MyCycler TM Thermal cycler, BIO-RAD, California, US) in the presence of one anchored primer and one arbitrary 13nt primer. Sample reactions were amplified by PCR in 36 primer combinations, using 3 anchored primers coupled to 12 arbitrary primers. Amplifications were performed by 4 min at 94 ºC, 40 cycles of 30 s at 94 ºC, 2 min at 42 ºC, 30 s at 72 ºC, and final extension for 10 min at 72 ºC. For each individual, differential display PCR reactions were performed in triplicate and PCR products were then separated on an 8% non-denaturing polyacrylamide gel in adjacent lanes and visualized by silver staining (6).
Cloning
Bands of interest were recovered from the gel and extracted using polyacrylamide Gel DNA Extraction Kit (TIANGEN, Beijing, China). The fragments were re-amplified with the same primer combination and PCR conditions described above. The re-amplified DNA was ligated to a PTZ57R/T plasmid (insT/Aclone TM PCR Product Cloning Kit, MBI, US), and JM109 Escherichia coli bacterium strain (Invitrogen, California, US) allowing blue-white selection to be transformed with the ligated constructs. Inserted DNA sequences of the plasmid clones were determined by automated sequencing (ABI3730, InVitrogen, Shanghai, China). All sequences were compared with the non-redundant GenBank database using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
The complete coding sequence was obtained for the pig SFRS18 gene by using a combination of an in silico comparative cloning with a PCR target cloning approach described previously by Jiang and colleagues (7). Basically, a BLAST search against the public databases using full-length cDNA sequences of human SFRS18 gene as a reference was performed to retrieve all pig orthologous sequences, particularly ESTs. These ESTs were then assembled and the gaps were filled with target amplification and sequencing.
RT-PCR
Reverse transcript polymerase chain reaction (RT-PCR) was used to verify the differential expression of the SFRS18 gene between two groups. First-strand cDNA synthesis parameters were described as above. PCR amplification was performed by 4 min at 94 ºC, 33 cycles of 30 s at 94 ºC, 30 s at 60 ºC, 30 s at 72 ºC, and final extension for 10 min at 72 ºC (MyCycler TM Thermal cycler, BIO-RAD, California, US). The primer sets were designed according to the cloned sequences as follows: forward 5'-TTT CAT CCT CCT TAT TGG C-3' and reverse 5'-TGG AAG AGT CCT GCG TTT-3'. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the invariant control. The primers for GAPDH (GenBank accession number AF017079) are: forward 5'-CAC CAT CTT CCA GGA GC-3' and reverse 5'-CTT CAA GTG AGC CCC AG-3'.
Quantitative reverse transcriptional PCR (qRT-PCR)
To investigate the relation of the SFRS18 gene with the IMF content, 15 individuals with highest IMF content and 15 with lowest IMF content were exploited for mRNA expression analysis by real-time quantitative PCR system (Continuous fluorescence detector, MJ Research. Inc., BIO-RAD, San Francisco, US). A total of 20 μl reaction volume contained 200 nM primers, 2 μl cDNA and 10 μl SYBR Premix Ex Taq TM (Takara, Dalian, China). The PCR primers and amplified conditions are the same as RT-PCR. Amplification specificity was assessed by 8 % polyacrylamide gel electrophoresis. Experiments were performed in triplicate for each data point. The relative amount of mRNA was calculated with GAPDH mRNA as the invariant control (8) . The independent T-test procedure (SPSS Inc., Chicago, IL) was used to compare the average relative expression level between two groups.
Results
Identification and Cloning of Pig SFRS18 gene
We identified a 691-bp cDNA fragment that appeared to be a visual DE gene between two LD muscle groups with significantly different IMF content (Figure 1) . The cDNA fragment showed a higher expression in the high IMF group. Sequence analysis of the cDNA revealed that it is 99 % homologous to the human SFRS18 (GenBank Accession Number AF 314184) (2) .
Although the SFRS18 complete coding sequence has been identified for humans, the corresponding sequence in pigs remains unknown. We initially used the human SFRS18 sequence to obtain pig ESTs from GenBank. Two contigs were established for 5' and 3' ends, but a gap was left between them. A pair of primers (forward, 5'-AGT AAA ACG CAG GAC TCT TC-3' and reverse, 5'-TTG CTT CTC TTC TTC CAT CT-3') was then designed to target the gap region. Finally, a sequence of 3227 bp was generated for the pig SFRS18 gene (GenBank Accession Number EU308569), including 215 bp of sequence for 5' untranslated region, 2,418 bp for opening reading frame and 594 bp for 3'untranslated region, respectively. The open reading frame encodes 805 deduced amino acids, which is 98, 98, 95 and 95 % identical to those of humans, monkeys, mice and rats, respectively.
Figure 1.
DDRT-PCR revealed a differentially expressed cDNA. The cDNA was amplified from two total RNA pools with significantly different IMF contents in LD muscle by primer combination of 5' AAG CTT TTT TTT TTT C-3' (anchor primer) and 5'-AAG CTT GAT TGC C-3' (arbitrary primer). H1, H2, H3 were amplified products from the high IMF group, while L1, L2, L3 were from the low IMF group. Arrow indicates the differentially expressed cDNA between two groups.
An unusual splicing in the pig SFRS18 gene
In order to further characterize the porcine SFRS18 gene, we used the cDNA sequence described above as a query and performed a BLAST search against the porcine EST database. Interestingly, we found this porcine gene might have two splicing forms, which were illustrated in Figure 2 .
The transcript variant 2 turned the translation end region and partial 3' untranslated region of transcript variant 1 into a novel intron, which has a regular exon-intron boundary with GT (2,630 -2,631) at the 5' splice site and AG (2,872 -2,873) at the 3' splice site (Figure 2) . Such a change also shifted the stop codon from positions 2,631 -2,633 in variant 1 to the position 2,902 -2,904 bp in the variant 2 (see masked nucleotides in Figure 2) . As a consequence, transcript variant 2 is 244-bp shorter than variant 1 in length. However, both variants share a common protein with 805 amino acids, but the transcript variant 2 contains extra nine amino acids (STTPPRRKR) at its C terminus. Figure 2 . Two transcript variants detected by ESTs retrieved from pig EST database using our cloned SFRS18 mRNA as a reference sequence. Alternative stop codons are used in the translation of two transcript variants, which are marked in dark background. Our cloned sequence EU308569 represents pig SFRS18 transcript variant 1 (SFRS18_V1). It is supported by 15 additional ESTs in the GenBank database, including AJ948023, CK464951, CN164095, AJ938658, CK463016, CK463348, EW328287, EW423619, EW353476, BQ597517, AJ944568, AJ946990, EW509565, EW613877 and EW556555. Eight ESTs -AJ951908, AJ950607, AJ958378, AJ950217, AJ948941, AJ659463, AJ659329 and EW232314 contributed to the formation of transcript variant 2 of the pig SFRS18 (SFRS18_V2).
Confirmation of expression pattern by RT-PCR
The expression levels of the SFRS18 gene were confirmed between two pools of animals by RT-PCR (Figure 3) . The result of RT-PCR was clearly consistent with that of DDRT-PCR, supporting higher expression of SFRS18 gene in animals with high IMF content.
Real-time quantitative PCR
To further confirm the relation of SFRS18 gene with IMF content, 15 individuals with highest IMF content and 15 with lowest IMF content were exploited for mRNA expression analysis by real-time quantitative PCR. The IMF contents of these two groups averaged 1.65 ± 0.16 % vs 4.46 ± 0.29 %, and were significantly different (P < 0.05) ( Figure 4A ). The result showed that the SFRS18 expression level is positively correlated with IMF contents (r = 0.54, P < 0.01). The average mRNA levels are significantly different between two groups (P < 0.05) ( Figure 4B ). 
Discussion
In this study, we found that differential expression of SFRS18 gene in muscle is correlated with IMF content in pigs. SFRS18 is a serine-arginine (SR) rich splicing factor, which exhibits speckled nuclear distribution that aligned with components of the pre-mRNA splicing machinery (2, 9) . A working hypothesis of our result was that the SFRS18 gene is implicated in the pre-mRNA splicing of key genes regulating IMF deposition.
Within the mammalian cell nucleus, most splicing factors are concentrated in 20-40 distinct domains called speckles, which are highly dynamic structures that respond specifically to activate nearby genes and the dynamic events are dependent on RNA polymerase II transcription. Dynamic events of speckles are sensitive to inhibitors of protein kinases and Ser/Thr phosphatases. When single gene transcription is activated in living cells, splicing factors leave speckles and accumulate at the new site of transcription (10) . Although having similar structures and conserved domains, SR proteins are specific in their behaviors (3) .
A number of studies have demonstrated that pre-mRNA splicing occurs co-transcriptionally (11) (12) (13) (14) . For instance, Dellaire et al. (2002) propose that pre-mRNA processing protein 4 kinase (PRP4K) links transcriptional regulation and pre-mRNA splicing by modulating the coordination of both processes via phosphorylation of proteins within the spliceosome and the co-regulator complex (15) .
SFRS18 is one of the components in pre-mRNA spliceosome (2) . Although no direct evidence indicates that PRP4K directly modulates SFRS18, PRP4K does interact with pinin protein (15) , which is localized to spliceosome speckles in mammals (16) with interactions with SFRS18 (2). Moreover, PRP4K can co-immunoprecipitate with nuclear receptor co-activator complex switching defective/sucrose nonfermenting (SWI/SNF) component of Brahma-related gene 1 (BRG1) (15) . The expression of a dominant negative BRG1 blocks adipogenesis in adipocytes and inhibits the expression of PPARγ by suppressing the recruitment of general transcription factors and RNA polymerase II at the PPARγ promoter and affects the expression level of downstream genes, such as fatty acid binding protein (AP2) (17). Despite its extremely low level, mouse muscle PPARγ is critical for the maintenance of normal adiposity by modulating muscle lipid metabolism (18, 19) . Collectively, we proposed that SFRS18 may participate in the splicing of some key genes that regulate muscle lipid metabolism in pigs.
As an extension of our original study, we devised a comparative map between what is known in humans to the pig. This map shows that the SFRS18 gene should be located around 54-55 cM on Sus scrofa chromosome 1 (SSC1). Interestingly, this location harbors a QTL region for marbling in pigs, which flanks a region from 52-65 cM with a peak at 52 cM (20) . The current draft pig genome assembly (http://www.ncbi.nlm.nih.gov/genome/guide/pig/ ) also indicates that the pig SFRS18 gene is located at 39.85 Mb on SSC1 (see NW_001886145). Therefore, future research with both the SFRS18 gene product and the QTL locus might provide a direct link between the two and serve as sites with which to target for manipulation of intramuscular adiposity in red meat animals.
In conclusion, the collective results from this study provide knowledge about a potentially novel function of SFRS18, whose expression level in pigs is positively correlated with IMF content in LD muscle. Therefore, we suggest that SFRS18 might be a promising candidate gene for improving pig IMF deposition.
